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Abstract. The abundance ofAeromonas hydrophila was measured month- 
ly at 29 sites in Albemarle Sound, North Carolina and its tributaries from 
April 1977 through July 1979. Simultaneous measurements included het- 
erotrophic plate count bacteria, fecal coliform bacteria, and 18 physical 
and chemical parameters. Using only 6 water quality parameters, multiple 
correlation and regression analysis of  the data produced a best-fit regression 
which explained 38% of the variation observed in A. hydrophila density. 
The 6 water quality parameters included dissolved oxygen, temperature, 
orthophosphate, chlorophyll A trichromatic, total Kjeldahl nitrogen, and 
ammonia. Heterotrophic plate count bacteria and fecal coliform densities 
were highly correlated with A. hydrophila density, but made the model 
very unstable. The model was successfully tested against similar data col- 
lected for 2 other North Carolina reservoirs, Lake Norman and Badin Lake. 
Data from 10 sites in Badin Lake over 18 months and from 7 sites on Lake 
Norman over 5 months were not significantly different from the Albemarle 
Sound model. Conditions of  water quality that may give rise to "blooms" 
of A. hydrophila will simultaneously contribute to the probability of in- 
creased epizootics in fish in the southeastern United States. 

Introduction 

Aeromonas hydrophila is a ubiquitous facultative pathogen. It has been reported 
throughout the United States in all but the most extreme habitats [20, 21]. 
Indeed, it has been isolated in high numbers from pristine alpine lakes [21], 
Louisiana bayous [21], and the aphotic zones of the Atlantic Ocean (1,000 m 
isolation 5 miles southeast of Puerto Rico; T. C. Hazen, unpublished obser- 
vations). 

A wide range of poikilothermic and homeothermic animals, including man, 
can be infected by A. hydrophila [6, 7, 10, 15, 23, 24, 30, 33, 34]. In the 
southeastern United States, A. hydrophila causes extensive losses to commercial 
and sport fisheries as the etiological agent for red-sore disease [22]. In one 
documented case, 37, 500 fish were killed over a single 13-day period in one 
North Carolina reservoir, Badin Lake [25]. During the fall of 1976, approxi- 
mately 95% of the white perch (Roccus americanus) population was killed by 
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r e d - s o r e  d i s e a s e  in  A l b e m a r l e  S o u n d ,  N o r t h  C a r o l i n a ;  d u r i n g  t h i s  e p i z o o t i c ,  
a p p r o x i m a t e l y  5 0 %  o f  t h e  c o m m e r c i a l  f ish  c a t c h  f o r  A l b e r m a r l e  S o u n d  w a s  
d i s c a r d e d  b e c a u s e  o f  u n s i g h t l y  s u r f a c e  l e s ions .  

I n  v i e w  o f  t h e  s e r i o u s  i m p l i c a t i o n s  f o r  t h e  c o m m e r c i a l  a n d  s p o r t  f i sh ing  
i n d u s t r i e s  in  t h e  s o u t h e a s t e r n  U . S . ,  a n d  w i t h  i n a d e q u a t e  i n f o r m a t i o n  a v a i l a b l e  

r e g a r d i n g  t h e  e c o l o g y  o f  A. hydrophila i n  N o r t h  C a r o l i n a ,  a s t u d y  w a s  u n d e r -  
t a k e n  to  c o m p r e h e n s i v e l y  e x a m i n e  t h e  c o r r e l a t i o n  o f  s e l e c t e d  w a t e r  q u a l i t y  
p a r a m e t e r s  a n d  t h e  d e n s i t y  o f A .  hydrophila in  A l b e m a r l e  S o u n d  a n d  i n  L a k e  
N o r m a n  a n d  B a d i n  L a k e ,  N o r t h  C a r o l i n a .  S i n c e  t h e  r e l a t i o n s h i p  b e t w e e n  d e n -  

s i ty  o f A .  hydrophila a n d  p r e v a l e n c e  o f  r e d - s o r e  d i s e a s e  w i t h i n  l a r g e m o u t h  b a s s  
h a d  b e e n  p r e v i o u s l y  s h o w n  to  b e  so  s t r o n g  [8], i t  w a s  b e l i e v e d  t h a t  t h e  p r e s e n t  

a p p r o a c h  w o u l d  be  u s e f u l  in  i d e n t i f y i n g  t h o s e  w a t e r  q u a l i t y  p a r a m e t e r s  t h a t  
m a y  i n c r e a s e  t h e  p r o b a b i l i t y  o f  r e d - s o r e  e p i z o o t i c s .  

Mater ia l s  and M e t h o d s  

Study Site 

The primary area of study was Albemarle Sound (76~ 36~ located in the northeast comer 
of North Carolina (Fig. 1). Albemarle Sound is a natural estuary with a mean depth of 3 m, a 
maximum depth of 20 m, and a shoreline of  600 kin. The total watershed covers 45, 695 kmL 
Albemarle Sound has 2 major tributaries, accounting for 83% of the total watershed: the Roanoke 
River (25, 123 km:) and the Chowan River (12, 872 km2). The nearest connection to the Atlantic 
Ocean is Oregon Inlet near Roanoke Island, site 23. The annual mean tidal range at Oregon Inlet 
is 0.6 m whereas tides in Albemarle Sound are less than 0.3 m. The characteristic diurnal cycle of  
tides is approximately 24.8 hours. Average annual rainfall in the area is 114 cm. River flow into 
Albemarle Sound is greatest during the winter (400 m J s -z) and lowest during the summer (>30 
m 3 s-~). At times, flow can even reverse briefly during the summer [32]. In the lower Chowan 
River, flushing times range from more than 50 days during the summer to less than 10 days during 
the winter [32]. The entire basin supports a rural economy of 500,000 (estimated from the 1970 
census). In 1972, commercial fishing was estimated to be producing $5 million annually [2, 4]. 

Sampling 

Water samples were collected using a 2 liter vertical lucite Kemmerer sampling bottle (Wildlife 
Supply Co., Saginaw, MI). The bottle was washed with 70% ethanol after each sample was taken. 
Each water sample was placed in a sterile 180 ml whirl-pak bag (NASCO, Ft. Wilkinson, WI) and 
kept on ice for transport to the lab; the time from collection site to the lab never exceeded 1 hour. 

Abundance and distribution ofA. hydrophila were measured monthly. Three samples were taken 
at the surface and at 1 m intervals in vertical profile at each station (Fig. 1). 

Bacteriological Methods 

Aeromonas hydrophila density was estimated by viable cell count using Rimler-Shotts (R-S) me- 
dium [31]. All density estimates were made 4 times on the same sample. A specific volume of 
sample was filtered through a sterile, gridded, 47 mm membrane filter with a pore diameter of 
0.45 ~m (Millipore Corp., Bedford, MA). The filter was then placed on R-S medium and incubated 
at 35~ for 20-24 hours. Following incubation, yellow colonies were counted with the aid of  a 
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Fig. 1. Albemarle Sound study sites. 

magnifying lens; each colony was assumed to represent one colony forming unit (CFU). Periodically, 
colonies were isolated from membrane filters and confirmed as A. hydrophila using API-20E 
(Analytab Products, Plainview, NY), oxidase tests, the vibriostatic agent 0/129, and A. hydrophila 
specific, fluorescent antibody. All techniques are as previously described by Fliermans and Hazen 
[12], Hazen [17] and Hazen et al. [21]. 

Fecal coliform estimates were obtained from 4 aliquots from each sample. A specific volume of 
sample water was filtered through a sterile, gridded, 47 mm membrane filter with a pore diameter 
of  0.7 tzm (Millipore Corp., Bedford, MA). The filter was then placed on m-FC medium (Difco, 
Detroit, MI) and incubated at 44.5~ for 24 hours. Following incubation, blue colonies were counted 
with the aid of a magnifying lens according to APHA standard methods [1]. 

Heterotrophic plate count bacteria were also estimated from 4 aliquots of each sample. A specific 
volume of sample water was filtered through a sterile, gridded, 47 mm membrane filter with a pore 
diameter of 0.45 um (Millipore Corp., Bedford, MA). The filter was then placed on TGE medium 
(Difco, Detroit, MI) and incubated at 35~ for 24 hours. Following incubation, all colonies were 
counted with the aid of a magnifying lens, according to APHA standard methods [1]. 

W a t e r  Qual i ty  

Five water quality parameters were measured simultaneously with A. hydrophila density. Dissolved 
oxygen, pH, conductivity, temperature, and redox potential were monitored using a Hydrolab 
surveyor Model 5901 (Hydrolab Corp., Austin, TX). APHA standard methods were followed for 
all in situ measurements. Four liters of water were collected, divided into various bottles, and 
small amounts of the following preservatives added: nitric acid, sulfuric acid, zinc acetate, and 
mercuric chloride. All samples were then placed on ice for transport to the laboratory. The ap- 
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propriately preserved samples were analyzed for the following parameters: ammonia, total Kjeldahl 
nitrogen, nitrates, nitrites (after APHA [1] except that samples were dialyzed instead of filtered); 
sulfates (turbidimetric method); orthophosphates, total phosphorus (ascorbic acid method and 
samples were dialyzed); mercury, total organic carbon (using an Oceanographic International Cor- 
poration Model 524B equipped with a Lira 303 IR detector); sulfides (methylene blue method), 
chlorophyll A trichromatic, chlorophyll A corrected, and pheophytin A. APHA [ 1] standard meth- 
ods were used for all determinations; for more details see Esch and Hazen [9]. 

Data Analysis 

A Hewlett-Packard, 3000 series, or an IBM 370-148 computer, was used for all statistical analyses. 
Some data were analyzed using IDA (Interactive Data Analysis, University of Chicago), and 
modifications of programs by Davies [5]. Factorial analysis of variance was used to test for dif- 
ferences between sites and seasons. Multiple correlations were used to determine relationships of 
A. hydrophila densities with water quality parameters against densities ofA. hydrophila. Parameters 
were then removed in a stepwise manner until all the remaining parameters showed t statistics 
that indicated they significantly affected the density ofA. hydrophila. Some data (bacteria counts, 
orthophosphates, total phosphorus, nitrate, nitrite, total organic carbon, ammonia, and chlorophyll 
A) were found to be heteroscedastic by determining skewness and kurtosis against a normal prob- 
ability plot. Heteroscedasticity was reduced by transforming each of these measurements with 
Log(x + 1) or (x + 0.1) or (x + 0.01), prior to analysis [35]. Any statistical probability -<0.05 was 
considered significant. 

Results  

D a t a  for  al l  p a r a m e t e r s  m e a s u r e d  we re  c o m p u t e d  s e p a r a t e l y  b y  m o n t h  a n d  site.  
P h y s i c a l  a n d  c h e m i c a l  p a r a m e t e r s  for  9 s i tes  d u r i n g  J a n u a r y  1978, A u g u s t  
1978, a n d  Ju ly  1979 a re  p r e s e n t e d  in  T a b l e s  1, 2, a n d  3, r e spe c t i ve ly .  A l l  s i tes  
c o n s i s t e n t l y  s h o w e d  c o m p l e t e  m i x i s  a t  a l l  d e p t h s  for  al l  p a r a m e t e r s  m e a s u r e d .  
O n l y  the  9 m o s t  r e p r e s e n t a t i v e  s i tes  a r e  shown.  

Si tes  1, 2, a n d  3 were  a l w a y s  b r a c k i s h  wi th  sa l in i t i e s  g rea t e r  t h a n  10 pp t .  
Si te  27 r e c e i v e d  r u n o f f  f r o m  i n t e n s i v e  ag r i cu l tu re  a n d  h a d  s ign i f i can t ly  h ighe r  
t o t a l  n i t r o g e n  a n d  s ign i f i can t ly  l o w e r  c h l o r o p h y l l  A t r i c h r o m a t i c .  Si te  29 is a t  
the  p o i n t  sou rce  o f  e t t luen t  f r o m  a n i t r o g e n  fe r t i l i ze r  f a c to ry  a n d  h a d  signif i-  
c a n t l y  h ighe r  a m m o n i a  a n d  to t a l  n i t r o g e n  t h a n  a d j a c e n t  si tes.  Si te  30 is a t  the  
p o i n t  sou rce  o f  eff luent  f r o m  a p u l p  mi l l  a n d  h a d  s ign i f i can t ly  h i g h e r  c o n d u c -  
t iv i ty ,  p H ,  t u r b i d i t y ,  a m m o n i a ,  t o t a l  n i t r ogen ,  a n d  to t a l  o rga n i c  c a r b o n ,  b u t  a 
s ign i f i can t ly  l o w e r  r e d o x  p o t e n t i a l  a n d  d i s s o l v e d  oxygen .  F o r  the  c o m p l e t e  d a t a  
set o n  each  p a r a m e t e r ,  si te,  a n d  d e p t h ,  see Esch  a n d  H a z e n  [9]. 

Bacteria Distribution and Density 

F a c t o r i a l  a n a l y s e s  o f  v a r i a n c e  i n d i c a t e  s ign i f ican t  d i f fe rences  in  h e t e r o t r o p h i c  
p l a t e  c o u n t  b a c t e r i a  dens i t i e s  b y  si te  ( F  = 5.59; d f  = 20 & 104; P < 0 .0001) ,  
b u t  n o t  b y  season .  T h e  h ighes t  dens i t i e s  o f  h e t e r o t r 0 p h i c  p l a t e  c o u n t  b a c t e r i a  
o c c u r r e d  in N o v e m b e r  ( >  l 0  s C F U  m l  1); t he  sp r ing  a n d  s u m m e r  m o n t h s  were  
qu i t e  v a r i a b l e  (102-105 CFU m l  2). T h e  b r a c k i s h  w a t e r  s i tes  h a d  m o d e r a t e  
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Fig. 2. Density ofA. hydrophila by site; mean + 1 standard error, a = brackish sites, b = intensive 
agriculture runoff, c = nitrogen fertilizer factory, d = pulp mill. 
Fig. 3. Density ofA. hydrophila by month; mean _ 1 standard error. 

densities o f  heterotrophic  plate count  bacteria (10 4 CFU m1-1); site 29 had 
significantly lower densities (<5  X 103 CFU ml 1) than all other  sites. 

Fecal coliform densities were not  significantly different between sites; how- 
ever, differences by season were significant (F  = 21.67; d f =  8 & 104; P < 
0.0001). Densities o f  fecal coliforms at the brackish sites were low (<  1 CFU 
m1-1) whereas those sites receiving effluent were noticeably higher. Indeed, 
densities at site 30 (receiving pulp mill effluent) were above r eco m m en d ed  
limits [3] at all t imes (>10 z CFU ml-~). 

Aeromonas hydrophila densities (Fig. 2 and 3) were significantly different by 
season ( F =  5.87; d f - -  8 & 104; P < 0.01) and by site ( F =  6.60; d f =  20 & 
104; P < 0.0001). Densities o f  A. hydrophila were highest during the spring 
and fall. The  brackish water sites had significantly lower densities than fresh- 
water sites, whereas site 27 and site 30 had significantly higher densities of  A. 
hydrophila than at other  stations. The A. hydrophila densities at site 29 were 
significantly lower (Fig. 2) than adjacent sites. 

Correlation and Regression of A. hydrophi la  Densities with Water Quality 

The  multiple correlat ion half-matrix (Table 4) shows significant posit ive cor- 
relations between densities o f  A. hydrophila and site, month ,  temperature,  
chlorophyll  A tr ichromatic ,  chlorophyll  A corrected, total Kjeldahl nitrogen, 
or thophosphate ,  total phosphorus,  total organic carbon, heterotrophic  plate 
count  bacteria, and fecal col iform bacteria densities. Significant negative cor- 
relations were observed between densities o f  A. hydrophila and dissolved oxy- 
gen, pH and a mm on ia  concentrat ions.  The  other  parameters  were not  signif- 
icantly correlated with A. hydrophila density. 

The  best-fit regression o f  the first year o f  data using dissolved oxygen, tem- 
perature,  or thophosphates ,  chlorophyll  A tr ichromatic ,  total Kjeldahl  nitrogen, 
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Fig. 4, Predicted (broken line) and  observed  (solid line) densi t ies  o f  A. hydrophila at an  undis -  
turbed site. 
Fig, 5. Predicted (broken line) and  observed  (solid line) densi t ies  o f  A. hydrophila at brackish 
site. 

Table  5. Best-fit regression statistics 

S u m m a r y  Mult iple  r r 2 

Unad ju s t ed  .6244 .3899 
Adjus ted  ~ ,6151 .3783 b 

Analys is  o f  variance:  

S u m  o f  Degrees o f  
Source squares  f reedom 

Mean  F 
square  statistic 

Regress ion 3.276 6 0.546 33.55 b 
Res iduals  5.126 315 0.016 

Tota l  8.402 321 0.026 

Analys is  o f  coefficients: 

S tandard  T 
Variable B (Std. V.) B ~ error* statistic c 

DO - . 4 1 4 4  - . 1 2 0 1  .0222 - 5 . 4 1 3  
T e m p  - . 2 8 0 4  - . 0 2 3 9  .0058 - 4 . 1 1 9  
PO4 .4772 10.8710 1.5135 7.183 
C A T  .142[ .0071 .0026 2.714 
T K N  .1523 .1149 .0456 2.522 
N H  3 - . 3 1 0 1  - . 6 6 8 5  .1591 - 4 . 2 0 2  
A H  0 1.8135 .2976 6.094 
N = 322 

a = where  the  correlat ion coefficient is ad jus ted  to account  for the  biased es t ima tor  
o f  the  popula t ion  parameters ;  b =  p < 0.0001; "= P < 0.05, when  T >  1.968; 
a = slope 

and ammonia explains 37.83% of the variation in densities of A. hydrophila 
(Table 5). The analysis of variance is highly significant (P < 0.0001) and each 
of the independent variables has a slope significantly different from 0 as seen 
by the analysis of coefficients (Table 5). 
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Fig. 6. Predicted••r•ken•ine)and•bserved(s••id•ine)densities•fA.hydr•philaatasitereceiving 
pulp mill effluent. 

Fig. 7, Predicted (broken line) and observed (solid line) densities ofA. hydrophila at a site receiving 
nitrogen fertilizer factory effluent. 

Predictions o f  A. hydrophila Densities 

Water quality parameters not used to develop the model were used to predict 
densities of A. hydrophila at all sites, using the regression model (Table 5). 
Predicted values were compared to actual A. hydrophila estimates using chi- 
square goodness-of-fit. None of the sites demonstrated significant differences 
between predicted and observed densities of,4. hydrophila. The observed den- 
sities of  A. hydrophila were very similar to predicted values at undisturbed 
sites (Fig. 4), brackish sites (Fig. 5), the pulp mill site (Fig. 6) and the fertilizer 
factory site (Fig. 7). For not more than 3 of  the 13 months tested for each site, 
were predicted densities significantly different from the observed densities. For 
a total of  345 predictions, the chi-square value was 216.9 (P > 0.999). 

The model was also used to predict densities ofA. hydrophila at the 10 sites 
for 13 months in Badin Lake, NC. Again, observed densities were not signif- 
icantly different for any of the I 0 sites. For 175 predictions in Badin Lake, the 
chi-square was 121.6 (P > 0.999). Typically, fewer than 3 months were sig- 
nificantly different at any site (Fig. 8). In addition, the model was tested at 7 
sites in Lake Norman, NC over 5 months and again differences between ob- 
served and predicted densities of  A. hydrophila were not significant. For 27 
predictions in Lake Norman, the total chi-square was 16.6 (P > 0.90). For 547 
predictions in all 3 bodies of  water, the total chi-square was 355.2 (P > 0.999). 
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Fig. 8. Predicted (broken line) and 
observed (solid line) densities of A. 
hydrophila at an undisturbed site in 
Badin Lake. 

Table 6. Fish infections and density of Aeromonas hydrophila in 
the water column 

Percent 
prevalence 
of red-sore Water column 

Date Location disease A. hydrophila b 

10/77 Albemarle Sound 20.0 (85) a 2.5 + 0.5 
4/77 Lake Hickory 23.0 (109) 42.5 + 13.2 
4/78 Lake Hickory 4.5 (66) 5.0 - 3.4 
5/77 Lake Gaston 14.3 (315) 17.4 + 4.6 
6/77 Badin Lake 29.0 (62) 57.2 + 21.2 
4/78 Badin Lake 2.4 (207) 1.7 + 0.7 
5/78 Badin Lake 2.8 (145) 20.7 + 6.9 
7/78 Badin Lake 8.7 (115) 9.4 + 7.8 

10/78 Chowan River 3.8 (53) 8.2 + 4.1 
12/78 Lake Norman 15.4 (39) 12.8 + 11.0 

Numbers in parentheses refer to numbers of fish sampled 
b Mean CFU ml ~ + 1 standard error 

Fish Disease and A. h y d r o p h i l a  Density 

D e n s i t i e s  o f  A. hydrophila were  e s t i m a t e d  at  severa l  sites in o p e n  wa te r  si- 
m u l t a n e o u s  wi th  co l l ec t i on  a n d  e x a m i n a t i o n  o f  l a r g e m o u t h  bass  (Micropterus 
salmoides) for  the  p re sence  o f  r ed - so re  d i sease  (Tab le  6). Dens i t i e s  o f  A. hy- 
drophila in 5 d i f ferent  bod ie s  o f  w a t e r  in N o r t h  C a r o l i n a  s a m p l e d  at  d i f fe rent  
t i m e s  w e r e  s igni f icant ly  c o r r e l a t e d  wi th  p r e v a l e n c e  o f  i n fec t ed  fish (r = 0.73;  
P < 0.02). 

Discussion 

Spatial and Temporal Distribution of A. h y d r o p h i l a  

T h e  dens i t i e s  o f A .  hydrophila in A l b e m a r l e  S o u n d  are  e l e v a t e d  w h e n  c o m p a r e d  
wi th  o t h e r  sou thea s t e rn  r e se rvo i r s  [ 17], bu t  are  wel l  w i t h i n  the  n o r m a l  range  
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for most lakes, rivers, and estuaries in the United States [21]. As has been 
demonstrated previously, densities of  A. hydrophila were not significantly dif- 
ferent between depths [ 17]. 

Seasonal densities of  A. hydrophila in Albemarle Sound exhibit a striking 
periodicity (Fig. 3). The highest numbers occur early in spring, decline to low 
levels in summer and then increase briefly in the fall. The spring maximum, 
followed by a weaker fall peak, corresponds to general patterns ofphytoplankton 
density andproductivity observed in many temperate lakes [ 13] and this system 
[32]. The strong positive correlation between A. hydrophila density and chlo- 
rophyll A (Table 4) provides additional support for the relationships between 
seasonal changes in A. hydrophila and productivity in the Sound. The seasonal 
pattern for A. hydrophila density in Albemarle Sound parallels that reported 
for a South Carolina cooling reservoir [ 16]. Moreover, the same study [16] also 
revealed an association between carbon fixation in the water column and den- 
sities ofA. hydrophila. 

Densities of A. hydrophila were significantly lower in brackish water when 
compared with freshwater sites (Fig." 2); brackish stations were also low in 
phosphate, nitrate and chlorophyll A. On the other hand, site 30 (pulp mill 
effluent), site 27 (intensive agriculture runoff), and site 29 (nitrogen fertilizer 
factory effluent) all had significantly higher densities of A. hydrophila as well 
as elevated concentrations of phosphate, nitrate, and chlorophyll A. 

Other Bacteria 

The highest densities of heterotrophic plate count bacteria were observed at 
site 27 (intensive agriculture runoff) and site 30 (pulp mill effluent). The lowest 
densities of heterotrophic plate count bacteria occurred at site 29 (nitrogen 
fertilizer factory effluent); however, low densities were also observed at sites 
16 and 17 ( 103 CFU ml- ~). The distribution ofheterotrophic plate count bacteria 
is thus quite unlike the patterns observed for A. hydrophila. The large variability 
observed between sites during each month produced significant differences 
between months. However, the large variability also made it impossible to 
perceive the nature of a seasonal pattern for heterotrophic plate count bacteria. 

Densities of fecal coliform bacteria showed a pattern more similar to that of 
A. hydrophila than to heterotrophic plate count bacteria. Brackish sites had 
very low densities of fecal coliforms whereas the pulp mill effluent site had the 
highest numbers. Unlike A. hydrophila, however, densities of fecal coliform 
bacteria were high at site 29 (nitrogen fertilizer factory effluent) and low at site 
27 (intensive agriculture runoff). Site 21 also had high densities of fecal coliform 
bacteria, but low densities of A. hydrophila; the reason for the large numbers 
of fecal coliforms at site 21 is unknown. A regular seasonal periodicity in 
densities of fecal coliforms was unapparent. 

Correlations Between A. hydrophila and Water Quality 

The abundance of Aeromonas hydrophila was positively correlated with tem- 
perature, a factor that has been previously shown as important in limiting the 
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densities ofA. hydrophila in both natural and thermally altered environments 
[20]. Thus, the number of A. hydrophila are always highest between 30 ~ and 
35~ and then decline with increasing temperature until the thermal maximum 
of 45~ is reached [11, 28]. 

This study, similar to that of Hazen [17], indicates a significant negative 
relationship between A. hydrophila and dissolved oxygen and pH. Apparently, 
A. hydrophila has a slight competitive advantage over other bacteria when 
levels of dissolved oxygen decline. This is indicated by the lack of correlation 
between dissolved oxygen and heterotrophic plate count bacteria. Water pH is 
apparently not directly correlated with densities of A. hydrophila because of a 
strong positive correlation between pH and dissolved oxygen and since the pH 
optimum for A. hydrophila is slightly basic (T. C. Hazen, unpublished obser- 
vations). 

The significant positive correlations between densities of A. hydrophila and  
total Kjeldahl nitrogen, orthophosphate, and total phosphorus may be influ- 
enced by the strong correlation between these parameters and chlorophyll A. 
Since each of these factors is known to affect the density ofphytoplankton [ 13], 
it is reasonable to expect that they would indirectly indicate A. hydrophila. An 
explanation for the negative correlation between ammonia and densities of A. 
hydrophila is not apparent; however, it may be a direct influence since survival 
ofA. hydrophila in diffusion chambers at site 29 (nitrogen fertilizer factory) is 
significantly lower that at other sites where ammonia is lower [19]. This may 
also explain the low densities of A. hydrophila observed at site 29. 

Strong positive correlations were also observed between densities ofA. hy- 
drophila, fecal coliforms, and heterotrophic plate count bacteria. Caution should 
be exercised in assessing the importance of  these correlations, since sewage 
effluents would be expected to have high fecal coliform densities, heterotrophic 
plate count densities, phosphates, nitrates and total organic carbon [14]. This 
is especially apparent at sites 21 and 29 which are very high in fecal coliform 
densities but low in A. hydrophila, and site 27 which is low in fecal coliforms 
but high in A. hydrophila. 

The Model and Predictions o f  A. hydrophila Densities 

The best-fit regression produced a model that predicted densities of  A. hydro- 
phila using only 6 water quality parameters: temperature, dissolved oxygen, 
orthophosphate, chlorophyll A trichromatic, total Kjeldahl nitrogen, and am- 
monia. All of these parameters except ammonia, dissolved oxygen, and tem- 
perature had a positive effect on the density of A. hydrophila (Table 5). Sites 
receiving significant nitrogen input (Fig. 7) and organic loading (Fig. 6) were 
predicted as well as those that were not disturbed (Fig. 4). Indeed, large variation 
in magnitude of A. hydrophila density can be predicted by the model (Fig. 6). 
The predictability of the very low densities ofA. hydrophila observed at brack- 
ish sites suggests that low nutrient levels, not salinity, are contributing to low 
densities of A. hydrophila observed in marine habitats. Recent reports [29] 
have suggested that what is being identified as A. hydrophila in marine habitats 
is probably Group F bacteria. The ability of the model to explain densities of 
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A. hydrophila at brackish sites demonstra tes  that A. hydrophila is indeed a 
normal  floral const i tuent  o f  brackish and mar ine  habitats [26]. 

The  densities o f  heterotrophic  plate count  bacteria and fecal coliforms were 
also incorporated into another  version of  the model.  In this version, nearly all 
sites i n  Albemarle  Sound had significant differences between observed and 
predicted densities o f  A. hydrophila. Thus,  al though sewage effluent may  con- 
tr ibute to high densities o f  A. hydrophila, it is probably not  as much  due to 
direct fecal contaminat ion  as it is to the increase in nutrients necessary for 
growth and survival. 

Other  studies have demonst ra ted  correlat ions between a relative eutrophic  
index and densities o fA.  hydrophila [27]. The  model  developed for Albemarle  
Sound and the relative eutrophic  index are both  useful since the index also 
incorporates  the following parameters:  total phosphorus ,  dissolved phosphorus,  
inorganic nitrogen, secchi depth, chlorophyll  A and hypol imnet ic  dissolved 
oxygen. The  index cannot,  however,  be used as a predict ive model .  

F rom the model  it has been shown (Table 5) that small increases in total 
nitrogen and or thophosphate  st imulate density increases in A. hydrophila, 
whereas large increases are needed in temperature,  dissolved oxygen, chloro- 
phyll A and ammonia .  Nitrogen and phosphorus  are nearly always limiting in 
aquatic systems. As has been shown in numerous  studies, small changes in these 
2 nutr ients  will cause large increases in phytoplankton densities. It  is suggested 
that A. hydrophila is probably receiving the major  nutrients it requires f rom 
these " leaky"  phytoplankton.  

The  utility o f  this model  is seen by its applicat ion to 2 Nor th  Carolina 
reservoirs. Thus,  at every  site tested in Lake N o r m a n  and Badin Lake, the 
differences between observed and predicted densities ofA.  hydrophila were not 
significant. Indeed,  the overall difference probabil i ty for the goodness-of-fit  o f  
the Albemarle  Sound model ,  tested against 547 different predictions,  was a 
remarkable  0.999. Studies in progress in a tropical rain forest watershed in 
Puerto Rico also indicate predictabil i ty o f  densities of  A. hydrophila using the 
Albemarle  Sound model  [18]. 

Densities of  A. hydrophi la  and Fish Disease 

Studies have shown strong posit ive correlat ions between density o f  A. hydro- 
phila in the water co lumn and incidence o f  red-sore disease in fish over  a 4- 
year period in a South Carolina reservoir  [8, 17]. During the course o f  the 
present investigation, 6 Nor th  Carolina reservoirs were examined at different 
t imes for density o f  A. hydrophila and prevalence o f  red-sore disease in large- 
mou th  bass; the correlat ion was again highly significant. 
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